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In nadir view 3 back upwards and passes through the water-air interface contains information about the optically 4 active water constituents. The sub surface irradiance reflectance is generally found to be 5 proportional to b b /(b b + a) (Gordon et al., 1975) or b b /a (Morel and Prieur, 1977; Kirk, 1991) with 6 b b total backscattering coefficient and a total absorption coefficient. The main backscattering 7 components are suspended sediments and phytoplankton (scattering by water molecules is 8 negligible in comparison). Absorbing components are suspended sediments, phytoplankton, 1 dissolved organic matter, and water itself. The optically active components determine the 2 apparent colour of the water and their concentrations can be estimated from spectral reflectance 3
measurements. 4
Downwelling sunlight consists of direct sunlight (the solar beam) and diffuse sky light (scattered in 5 all directions); the composition of direct and diffuse light depends on the solar elevation angle and 6 sky conditions (Jerlov, 1968) . Direct and diffuse skylight interact differently with the water body. 7
Light reflectance of water littered with floating plastic 8
Plastic objects floating on the water surface control surface leaving light in a number of ways, (1) 9 downwelling light reflects differently off plastic than off water, (2) transmittance of downwelling 10 light through plastic is different from transmittance through the air-water interface, changing the 11 underwater light climate and hence the back scattered upwelling light, and (3) subsurface 12 upwelling light transmits through plastic differently than through the water-air interface. The 13 different pathways, illustrated in Fig. 1b , explain why measuring marine plastic is different from 14 retrieving concentrations of optically active water components through their spectral scattering 15 and absorption properties (section 2.1). The mathematical model will have to include radiative 16 transfer in water itself, as well as light interaction with plastics on the water surface with different 17 optical properties (e.g., colour, transparency, and shape). We propose a mathematical model that 18
can help select optimal wavelengths, design experiments, and develop a working algorithm for 19 remote sensing marine plastic. 20
With A t the total water surface area-and A p the plastic covered area projected in nadir view ( Fig.  21 2), the plastic area fraction, f, is defined by A p /A t . Both plastic-and open water leaving radiance, 22 nadir view. L t received by the sensor in nadir view can be estimated with Eq.
For (semi-)transparent plastic, L p does not only represent plastic reflected sunlight in air, as 4 subsurface upwelling light that is transmitted through the plastic also contributes to L p : 5
Radiance reflectance, ρ p , is defined as L pr /L d and transmittance τ p as L pt /L ws . For a flat horizontal 7
surface of one single layer of plastic, ρ p , equals the Fresnel reflectance for normal incident light. In 8 reality L p is determined by the object's shape, solidness and surface roughness (through ρ p ) in 9 combination with the angle of incident light that is reflected in nadir view (L d ) since the angular 10 distribution of L d is not uniform. Downwelling sunlight consists of the solar beam and diffuse sky 11 light, whose proportions depend on sky conditions (e.g., cloudy, clear or hazy), solar elevation angle 12 and wavelength (Jerlov, 1968) . Normal incident light can be regarded as diffuse as the sun is normally 13 not at zenith angle. We discuss these bi-directional effects and other approximations later in section 14
15
Subsurface upwelling light, L ws , that is not reflected at the water-plastic interface is transmitted 16 through the plastic object where light may be lost due to absorption and internal reflection. We 17 define τ p as the fraction of subsurface upwelling light hitting the plastic object that was not lost. Eqs. 18
(1) and (2) lead to an estimation of f 19
L ws in water is estimated from L w in air by accounting for the loss caused by internal reflection, ρ 0 , at 1 the water-air interface and the effect of the radiant flux being confined to a wider solid angle of light 2 as it passes across the water-air interface. According to Austin (1980) , radiance increases with a 3 factor 1.84 as it transfers from air to seawater. L w is the sum of water surface reflected sunlight, L wr , 4
and subsurface upwelling light transmitted through the water surface, L wt (Fig. 1 ); knowing this, we 5 can write L ws in above surface terms, 6
with ρ w the direct reflectance of seawater from air to seawater similar to the Fresnel reflectance of 8 seawater for 0° angle of incidence (Hobson & Williams, 1971 ). In pure water the wavelength 9 dependence of ρ w is negligible for wavelengths between 400 to 2000 nm with refractive index 10 decreasing from 1.343 to 1.304 (Irvine & Pollack, 1968 ). Thus 2.1% to 1.7% of the light incident 11 normally on the air-water interface will be reflected back at these wavelengths (Hecht & Zajac, 1974) . 12
Using Eq. (4), we can express Eq. (3) solely in terms of radiance measurements in air, 13
A common definition of reflectance in remote sensing is the ratio of upwelling light, L, and total 15
We compute R for nadir-viewing directions but in actual airborne or satellite remote sensing the 18 sensor usually observes in an off-nadir direction. The correction for this is beyond the scope of this 19
paper. Using R i with subscript "i" relating to L i (Table 1) can be written as 2
Eq. (7) shows how the plastic fraction can be estimated from RS measurements in air if ρ p,RS , τ p and 4 ρ w,RS are known. L w, and hence R w , is not strictly the same in open waters as in plastic littered waters 5
because the presence of floating plastic can affect underwater light climate through shading and 6
filtering. Therefore, using R w,0 to estimate R w is an approximation:
In the next section (section 3.3) we evaluate this approximation. This single band algorithm is 9 expected to work best for wavelengths where R w,0 is near zero but where R p is high, for example a 10 wavelength of 750 nm (spectra from Asner, 2016) . When using larger wavelengths in the SWIR, note 11 that pure water has absorption peaks near 1.45 μm, 1.94 μm and 2.95 μm (Irvine & Pollack, 1968) . 12
Absorption at the latter wavelength is 11.7 × 10 -6 m -1 , indicating that a thin film of water on the 13 plastic can significantly reduce plastic leaving light. 14 The inverse of the derivative of Eq. (8) with respect to R t computes the sensitivity of R t to changes 15
We calculated dR t (850)/df for a single solid flat layer of plastic so that L d represents light of normal 18 incidence for light reflected in nadir view. L d is composed of diffuse sky light if the sun is not in 19 zenith, and if we that assume that sky radiance is completely diffuse, downwelling diffuse 1 irradiance, E d,dif , equals πL d (Jerlov, 1968 ). Dekker (1990) measured diffuse irradiance fractions, F 2 defined by E d,dif /E d , under various cloudless sky conditions. F decreases with increasing 3 wavelength, and for 850 nm wavelength he found F to be 0.07(0.23) for a clear (hazy) sky. Using 4 this, E d = E d,dif /F, so that ρ p,RS = ρ p /(π/F) and ρ w,RS = 0.02/(π/F). Plastic reflectance in nadir direction, 5
and hence dR t /df, therefore increases with increasing fraction of diffuse sky light. In the NIR, 6 subsurface RS reflectance is less than 1% for wavelengths for most natural water types but higher 7
for turbid waters where it is 1-2% (Moore et al., 2014). The term (R w,0 -ρ w,RS ) in Eqs. (7)-(9) is 8 therefore dominated by R w,0 . We evaluated Eq. (9) for ρ p and τ p ranging from 0 to 1; for light hitting 9
the plastic at zero incidence, transmittance of upwelling light is the same as for downwelling light 10 and ρ p + τ p + α p = 1, with α p the light absorbed in the plastic. We repeated this for subsurface RS 11 reflectance of 0.005, 0.01, 0.02 and 0.035, corresponding with R w,0 , levels of 0.003, 0.005, 0.01, 12 0.02 respectively according to the standard NASA conversion from above-water to below-water 13 (Moore et al., 2014) . We did this for F of 0.07 and of 0.23 to examine the effect of lighting 14 conditions. The results ( Fig. 3 ) confirm that the RS signal is expected to increase with decreasing 15 R w,0 and with increasing F. If R w,0 is small, the signal is controlled by plastic reflectance and increasing 16
with increasing ρ p . This can be explained as for increasing R w,0 , reflectance is no longer uniquely 17 important, with the signal increasing / decreasing with increasing transparency / absorption. 18
For high R w,0 , dR t /df can become zero and then negative indicating that the RS signal reduces with 19 increasing plastic fraction. Eq. (8) will therefore perform better in clearer waters. 20
Dual band algorithm 21
Effects of the varying background colour of natural water should be taken into account and a 1 possibility is measuring spectral reflectance at more than one wavelength to separate the plastic-2 from the water signal. If we can find a second wavelength for which R w (λ 1 ) ≈ R w (λ 2 ) and R p (λ 1 ) ≠ 3 R p (λ 2 ) then we can estimate f with: 4
A possibility could be a λ 1 in the VIS-NIR and a second higher wavelength, λ 2 , in the SWIR (spectra 7 from Asner, 2016). 8 3 DISCUSSION 9
Approximations 10
For the derivation of our model, a number of approximations were necessary. First, the proposed 11 reflectance model is for one type of plastic in two dimensions, i.e., a single smooth flat layer with 12 specific physical and optical properties, while in reality marine plastic litter consists of all kinds of 13 shapes and chemical compositions. In truth, a plastic litter object is three dimensional and could 14 reflect light back in the sensor's view from its sides, especially when it is pitching and rolling on the 15 ocean waves. Also, if three dimensional shapes change the lighting environment near the sea 16 surface, they can affect each other's light reflectance. In these cases, plastic reflectance is also 17 dependent on plastic concentration and ρ p,RS (λ) = ρ p,RS (λ,f). A plastic surface is usually not just a 18 specular reflector as illustrated in Fig. 1b (smooth surface) , but can reflect light in more than one 19 direction as well (rough surface). The latter is known as diffuse reflection and enhances ρ p,RS because 20 not only sky light is scattered in nadir view, the solar beam is as well. (The enhancement is 1 comparable to the one by the fraction diffuse sky light as described in section 2.2). To complicate 2 things further, if the plastic surface is wet, water can fill in the gaps and smooth out the surface 3 thereby reducing diffuse reflectance. In addition, water absorbs strongly in at wavelengths in the 4 infrared and a thin layer of water can reduce the signal further at these wavelengths. their combined signal could be 10
The challenge of Eq. (11) is, is to invert it and derive f i and total f from R t ; in theory we could apply 12 different wavelengths, selected from the plastic reflectance spectra, to reveal different plastic 13
fractions. The idea is that by selecting the wavelength of an absorption band of a plastic type, this 14 plastic would be excluded from the signal. 15
16
Marine plastic litter that has spent some time in the ocean usually does not have a clean surface but 17 is fouled by a variety of marine life. Organisms such as barnacles or seaweeds growing on the plastic 18 can sink a plastic object below the water surface, hiding it from view. A biofilm of algae reduces 19 reflectance of visible light by light absorption. Different species of algae contain different pigments 20 with unique absorption bands, but all algae contain chlorophyll which absorbs around 672 -680 nm. 21
All macro-and microalgae have low reflectance in the visible and high reflectance in the NIR. For our 22 1 spectrum. How biofilms affect the optical properties of the plastic they inhabit is a subject of future 2 study, using marine plastic litter collected at sea or on the beach. In theory our method of geometrical optics applies to objects whose dimensions are larger than a 5 couple of radiance wavelengths (in the order of micrometres in the VIS-SWIR spectrum) and would 6 therefore include microplastics but particles this small are quickly removed from the ocean surface 7 filtering of downwelling light by plastic on the water surface. These issues will be discussed in the 17 following. 18
Bidirectional reflectance of marine plastic litter 19
RS algorithms linking a water body's inherent optical properties to reflectance values are based on 20 subsurface irradiance reflectance or reflectance defined by the ratio of subsurface upwelling 21 radiance and above surface downwelling irradiance. The water body below the surface is 22 sometimes treated as a Lambertian reflector (reflected light is completely diffuse and unpolarised 1 so that E ws /L ws = π, (Jerlov, 1968 ) independent on the angle of incidence. This assumption cannot 2 be made for plastic objects as the reflectance of plastic objects, ρ p, , is dependent on the angle of 3 the light of incidence. We assumed 0° angle of incident radiance, θ i , (section 2.2), which corresponds 4 with a flat plastic surface at right angles with incoming radiance. In reality, plastic litter can have 5 many shapes with surfaces at different angles, and downwelling radiance at different angles is 6 reflected in nadir direction L pr = L d (θ i, )ρ p (θ i )). However, marine plastics floating on the sea surface 7 pitch and roll on the waves, producing more equally distributed reflected light. In addition, 8 downwelling light is not completely diffuse so that ρ p,RS is also dependent on the angular distribution such as cloud cover (Jerlov, 1968) . How this averages out depends on the integration time of the 12 recorded light. If A t is not small compared to the distance between the sea surface and the sensor, 13 the position of A p within can also modify the measured radiance, i.e., plastic objects in the centre 14 will contribute more than those nearer the edge. As floating objects move around on the sea 15 surface, this may also average out in practice. 16
Shading and filtering of downwelling light by plastic 17
Sub-surface upwelling radiance, L ws , changes in the presence of surface plastic because of changes 18 in sub-surface downwelling radiance, L ds , (L ws = r ws L ds and L ws,0 = r ws L ds,0 ). However, subsurface 19 radiance reflectance in the water body below the surface should be the same with and without 20 plastic coverage (r ws = L ws,0 /L ds,0 = L ws /L ds ). Assume L ds is a fraction of L ds,0 by a spectral shading 21 factor, ε, depending on how much plastic is covering the water surface (L ds = ε(f,λ)L ds,0 , and hence 22 L ws = ε(f,λ)L ws,0 , with ε(f=0) = 1 and ε(f > 0) < 1). Using Eq. (4), L w,0 = L ws,0 /1.84 + ρ w L d and 1
With Eq. (12) and L ws = ε(f,λ)L ws,0 , Eq. (7) can be rewritten in terms of in air measurements of total 4 RS reflectance and RS reflectance of the open water surface, 5
If we disregard change in the subsurface radiance caused by plastic floating at the surface, i.e., ε ≈ 7 1, Eq. (13) reduces to Eq. (8). We can solve Eq. (13) with an iterative calculation using the 8 relationship between ε(f,λ) and f (Eq. (A3)). In Appendix A1 a theoretical equation for the spectral 9
shading factor is derived from the optical model. 10
Future work 11
Field 12
In the proposed field experiment, a range of plastic fractions of one similar, common type (e.g., 13
plastic drink bottles or carrier bags) on a restricted area of sea surface is placed in the field of view 14 (Fig. 2) and L t and E d are measured using a spectrometer in the VIS-SWIR spectrum. L w,0 , is 15 measured using the same system but in the absence of plastic. By controlling the field of view of 16 
If we consider the shading, Eq. (13) can be similarly rewritten, with ρ w,RS ≈ 0, 2 will be harder to see a plastic signal (section 2.2). 10
Laboratory 11
Reflectance and transmittance of the plastic measured in the laboratory (in a benchtop 12 spectrometer, using the spectrometer with a contact probe, or using the spectrometer with a 13 stable and calibrated light source) are not the same as, but related to τ p and ρ p,RS respectively. The 14 relation between ρ p,RS (τ p ) derived from the field observations and measured reflectance 15 (transmittance) can clarify how the shape of a plastic object and the composition of natural 16 daylight affect ρ p,RS (τ p ) The laboratory measurements will help select wavelengths for which plastic 17 reflectance is high and -transmittance low and will add to the spectral library of the spectrum 18 characteristic of plastic debris types, which will be very valuable to the marine plastics science 19
community (Maximenko et al., 2016) . It will be interesting to see if satellite measurements in the spectral bands of our choice applied to 7 our reflectance model can replicate the global distribution of marine plastics calculated by various 8
particle-tracking models (e.g., van Sebille et al., 2012; and ocean surveys (Eriksen et al., 9 2014; Cózar et al., 2017) . Of special interest are the "hot spots" of marine plastics such as the 10 centres of the subtropical gyres predicted by these models but never seen from space before. The 11
biggest hotspot of all is located in the North Pacific between Hawai'i and California (Law et al, 12 2014 ). Hard to reach areas, such as the Arctic, could really benefit from RS observations. Floating 13 plastic accumulation is predicted in the Arctic (van Sebille et al., 2012) but this region of the ocean 14 is difficult to survey extensively (Cózar et al., 2017) . However, the most common atmospheric 15 correction method is the black pixel approach, which assumes that water-leaving radiance, L wt , is 16 equal to zero in the NIR or SWIR so that the measurements taken from a band in one of these 17 regions only contain aerosol atmospheric and ocean surface effects. This correction would 18 therefore likely conceal the signal in the NIR and SWIR from plastic in the ocean and we would 19 need the uncorrected data. An alternative atmospheric and sun glint correction algorithm, 20 POLYMER, derives ocean colour parameters in the whole sun glint spectrum and does not require 21 negligible water reflectance in near infrared bands (Steinmetz et al., 2011) . POLYMER is based on 22 a model, extended from 700 nm to 900 nm by using the similarity spectrum for turbid waters 23 (Ruddick et al., 2006) , which may remove optical signal from sea surface plastic. Oceanic whitecaps 1 are reflective in the solar spectral range (Koepke, 1984) and therefore capable of corrupting the 2 marine plastic signal. We therefore recommend the use of satellite data for marine plastic 3 estimations under low wind speed conditions; whitecapping is negligible when the wind speed is 4 less than 3 or 4 ms -1 (Goddijn-Murphy et al, 2011) . Wave height and wind over the ocean can be 5 estimated from radar altimetry, for example the SRAL altimeter on board Sentinel-3 (ESA, 2017). 6
CONCLUSION 7
We have a presented an optical reflectance model that can be used as a first step towards a remote 8 sensing algorithm for marine plastic litter. There are many types of marine plastic litter and we have 9
considered floating macroplastics of one type for simplicity. If we know RS reflectance of the clear 10 sea surface, R w,0 (λ), and of the plastic, ρ p,RS (λ), we can estimate the fraction of plastic surface area 11 from measurements in air. We can approximate R w,0 (λ) if the water type is known (e.g., Moore et al., 12 2014; Mélin & Vantrepotte, 2015) , and derive ρ p,RS (λ) from the proposed field measurements, or 13 they could be used as tuning parameters. It may be necessary to account for shading of surface 14 plastic, i.e., reduced subsurface light due surface plastic blocking downwelling sunlight. Key is to 15 select a wavelength for which water leaving light is minor and plastic reflectance is high, for example 16 around 750 nm, (single band algorithm), or two wavelengths for which water reflectance is near 17 equal and the reflectance of the plastic is not (dual band algorithm). with τ pw the fraction of downwelling light in air transmitted through the plastic object into the water, 9
and ρ pw the subsurface reflectance at the water-plastic interface (respectively independent and 10 dependent on the sun angle). Using ε(f,λ) = L ds /L ds,0 = L ws /L ws,0 , L ws = r ws L ds , and τ w = L d /L ds,0 , it can 11 be shown that 12 Fig. 1 but seen from above, with A t (A p ) total (total plastic) surface area in the frame 2 projected in nadir view, with ρ p and τ p (L pr /L ws and L pt /L ws respectively as in Fig. 1b) representing the 3 total spectral radiance reflectance and transmittance of the plastic. The coefficients ρ p and τ p are 4 dependent on light conditions, i.e., the solar elevation angle in the field and the fraction diffuse sky 5 light. Eqs. (1) and (2) lead to an estimation of f from remote sensing. 6 
